Purpose: To examine the hypothesis that alternative flush media could be used for lower extremity optical coherence tomography (OCT) imaging in long lesions that would normally require excessive use of contrast. Methods: The OPTical Imaging Measurement of Intravascular Solution Efficacy (OPTIMISE) trial was a single-center, prospective study (ClinicalTrials.gov identifier NCT01743872) that enrolled 23 patients (mean age 68±11 years; 14 men) undergoing endovascular intervention involving the superficial femoral artery. Four flush media (heparinized saline, dextran, carbon dioxide, and contrast) were used in succession in random order for each image pullback. Quality was defined as ≥270° visualization of vessel wall layers from each axial image. Mean proportions (± standard deviation) of image quality for each flush medium were assessed using 1-way analysis of variance and are reported with the 95% confidence intervals (CI). Results: Four OCT catheters failed, leaving 19 patients who completed the OCT imaging protocol; from this cohort, 51 highest quality runs were selected for analysis. Average vessel diameter was 3.99±1.01 mm. OCT imaging allowed 10-to 15-μm resolution of the lumen border, with diminishing quality as vessel diameter increased. Plaque characterization revealed fibrotic lesions. Mean proportions of image quality were dextran 87.2%±12% (95% CI 0.81 to 0.94), heparinized saline 74.3%±24.8% (95% CI 0.66 to 0.93), contrast 70.1%±30.5% (95% CI 0.52 to 0.88), and carbon dioxide 10.0%±10.4% (95% CI 0.00 to 0.26). Dextran, saline, and contrast provided better quality than carbon dioxide (p<0.001). Conclusion: OCT is feasible in peripheral vessels <5 mm in diameter. Dextran or saline flush media can allow lesion characterization, avoiding iodinated contrast. Carbon dioxide is inadequate for peripheral OCT imaging. Axial imaging may aid in enhancing durability of peripheral endovascular interventions.
Introduction
Optical coherence tomography (OCT) is an emerging technology, similar to intravascular ultrasound (IVUS), that utilizes back-reflected light in place of sound waves to create cross-sectional images of intravascular topography and mural architecture. The axial resolution is extremely fine at 10 to 15 μm (compared with 150-200 μm for IVUS), which allows precise characterization of plaque morphology and lumen geometry. 1 Used adjunctively in coronary catheterization to guide endoluminal interventions, OCT has been applied only selectively in imaging of peripheral vascular disease, 2, 3 with demonstrated strong correlation to actual histopathology. 4 The advantage of high-resolution intravascular OCT images is mitigated, however, by the presence of red blood cells that significantly attenuate back reflection of light in the region of interest (ROI). Thus, OCT images in clinical situations are obtained only when all of the blood is purged from the imaging target area. The majority of coronary OCT involves flushing blood away from focal lesions with iodinated contrast, but the risk of contrast-induced nephropathy (CIN) makes this less feasible in the lower extremities where the lesions are often long and multifocal. Techniques such as proximal occlusion and continuous infusion of a flush medium have been developed to improve OCT imaging. 5, 6 Several different media, including iodinated contrast, dextran, and heparinized saline, have been successfully used in the coronary arteries with the flush technique to aid image acquisition. [7] [8] [9] [10] [11] In addition, carbon dioxide is a proven medium in peripheral angiography, providing satisfactory imaging and avoiding the risks of either contrast or dextran flush media.
The primary objective of this study was to determine the optimal flush medium for OCT imaging acquisition in the superficial femoral artery (SFA), which was chosen as it represents an accessible ROI within the radial imaging sensitivity of the catheter.
Methods

Study Population
The OPTical Imaging Measurement of Intravascular Solution Efficacy (OPTIMISE) trial was a single-center, prospective study comparing 4 flush media for OCT image acquisition. The protocol was reviewed and approved by the hospital's institutional review board and all patients signed an informed consent document prior to their enrollment in the study. The trial was registered on the National Institutes of Health website (ClinicalTrials.gov identifier NCT01743872).
Patients were eligible for the study if they were undergoing elective diagnostic angiography for femoropopliteal occlusive disease as indicated by preoperative segmental pressure recordings in an accredited vascular laboratory. Patients were excluded for acute limb ischemia (change in Rutherford classification in the previous 14 days), acute/ chronic renal failure with a baseline creatinine >1.5 mg/dL, severe congestive heart failure (New York Heart Association class III or greater), severe chronic obstructive pulmonary disease requiring continuous home oxygen therapy, or concurrent therapeutic anticoagulation that could not be safely withheld. In addition, patients identified with total SFA occlusion at the time of diagnostic angiography were also excluded as this precluded the ability to place the OCT catheter and adequately flush red blood cells from the ROI.
Based on these criteria, 28 patients with atherosclerotic SFA stenosis consented to participate in this study, but 5 had SFA occlusion and were not enrolled, leaving 23 patients (mean age 68±11 years; 14 men) for the study. Their risk profile was typical for patients with peripheral artery disease ( Table 1 ). All but one of the patients presented with lifestylelimiting claudication (n=9) or critical limb ischemia (n=13). The mean Rutherford category was 3.5±1.4 and the mean WIFI (wound ischemia, foot infection) stage was 1.6±0.9, representing a broad spectrum of disease severity.
Imaging System and Image Acquisition
All OCT imaging was obtained using a frequency domain OCT intravascular catheter system (C7XR LightLab Imaging System; St Jude Medical, Minneapolis, MN, USA). The imaging catheter was the C7 Dragonfly (St. Jude Medical), which consists of a single fiberoptic wire mounted within a 0.019-inch external diameter fluid-filled cylinder that has a lens assembly at the distal aspect to reflect emitted light. Once blood has been adequately cleared via the distal flush ports, the catheter will automatically begin to rotate and pull back through a 54-mm segment allowing circumferential imaging of the vessel.
Percutaneous access of the contralateral common femoral artery was obtained, and a 6-F introducer sheath was inserted. A combination of standard 0.018-to 0.035-inch guidewires and hydrophilic catheters were used to obtain standard angiography. A 54-mm length of vessel that included the lesion was targeted for OCT image acquisition. At this point, a 0.014-inch wire was exchanged to accommodate the OCT catheter's monorail system. A guide catheter was typically advanced along the wire to 10 cm proximal to the lesion of interest to allow focused directional delivery of the flush medium during image pullback. The optical catheter was then inserted over the 0.014-inch wire across the ROI. A nonocclusive flush method was utilized for each image capture. The lumen of the imaging catheter was cleared of residual blood with 3 mL of iodinated contrast and the optics system was autocalibrated utilizing Light Lab imaging software. Twenty milliliters of each medium [heparinized saline (2 U/mL), iodinated contrast (Omnipaque 350; GE Healthcare, Piscataway, NJ, USA), or dextran 40 in normal saline] was subsequently hand-injected in antegrade fashion in prerandomized order to facilitate catheter pullback at a rate of 20 mm/s. For cases in which carbon dioxide was utilized, a carbon dioxide angiography system was set up using a reservoir system and a 1-way valve on the end of an introducer syringe. Fifty milliliters of gas was handinjected through the same port as the other media and automated pullback was completed as before. If a flush was felt to be inadequate at the time of image acquisition, then a second flush was performed of that same medium prior to moving to the next. Each successful flush enabled automated acquisition of 271 sequential axial frames in the ROI.
OCT Data Collection and Analysis
All images were acquired, reviewed in real-time during angiography, and subsequently archived in the cardiovascular core imaging library at our institution for analysis utilizing proprietary software (OCT system software B.0.1; LightLab Imaging). Each individual pullback was then assessed by a blinded, experienced OCT image reviewer and the highest quality runs were selected for analysis. Runs were technically excluded due to partial image obscurity as the OCT catheter was withdrawn into the guide catheter or for failure to deliver adequate flush medium to the ROI. Each of these quality runs were then coregistered using anatomic landmarks to allow comparison of similar vessel regions across all flush media.
The metric of image quality was the clear imaging field (CIF), which was defined as a cross section in which ≥270° of the vessel wall architecture was visualized. This has been used previously to quantify adequacy of clearance in OCT image comparison. 7 Two independent observers, blinded to the flush medium used, analyzed all OCT frames in each pullback sequence. Any disagreement >10% was resolved with a consensus re-evaluation at a later time point by the same reviewers. Each individual cross section was assigned a designation of quality or insufficient quality; thus, a quality image proportion was generated for each run by taking the mean of each observer's determinations. The mean proportion of quality image capture/pullback for each medium was calculated with its 95% confidence interval (CI).
Lesion morphology was characterized as normal, fibrotic, calcified, or lipid-laden independently throughout the ROI with each quadrant of every cross section.
Statistical Analysis
All continuous variables were analyzed using paired and unpaired t tests. Assessment of the differences between groups was conducted using 1-way analysis of variance with the Tukey test for multiple comparisons. A Pearson correlation coefficient was sought, and simple linear regression analysis was utilized to determine anatomic and procedural associations. The threshold of statistical significance was p<0.05. All analyses were conducted using Graph Pad Prism (version 6; GraphPad Software, Inc., La Jolla, CA, USA).
Results
Safety and OCT Catheter Performance
Of 23 patients who had an intravascular OCT catheter placed, there were no periprocedural adverse events, such as atheroembolic sequelae, vessel thrombosis, hemorrhage, hematoma, or hemodynamic changes. Intraoperative monitoring of heart rate and blood pressure prior to each administration of flush medium revealed no clinically relevant fluctuations or deviations. The mean heart rate and blood pressure for all runs were 68.4±12.3 and 141±23.8 mm Hg (systolic), respectively. The average baseline creatinine of 1.03±0.24 mg/dL did not change significantly (1.01±0.24 mg/dL after the procedure). One patient who underwent successful OCT imaging after successful diagnostic angiography returned to the emergency department within 24 hours with bleeding from the groin access site; however, this did not require operative intervention, and the patient was discharged the following day.
There were 5 catheter malfunctions among the 23 OCT catheter insertions over the course of this study, which represents a 21.7% failure rate. Four of these were attributed to damage to the fragile fiberoptic system during catheter insertion or during advancement of the catheter during live OCT image acquisition. There were no observed patientrelated adverse events as a result of any of these incidents; further OCT imaging attempts in these patients were abandoned regardless of the prior number of successful image acquisitions. There was 1 catheter itself that was inherently faulty as it was not able to appropriately interface with the OCT docking station.
Imaging Efficacy and Flush Media Comparison
Nineteen patients were effectively imaged with a total of 106 successful OCT pullbacks. A total of 19,127 cross-sectional frames of OCT data were reviewed and qualitatively analyzed; about half (10,218, 53%) were considered to be of adequate quality. A total of 51 pullbacks across 17 patients were assessed as high quality for image analysis (Figure 1) . The average diameter of the SFA examined proximal to the point of stenosis was 3.99±1.01 mm.
All 4 media were compared with each other using the CIF mean proportions (Figure 2 ). Images acquired using dextran were highest quality, with a mean CIF of 87.2%±12% (95% CI 0.81 to 0.94), followed by heparinized saline 74.3%±24.8% (95% CI 0.66 to 0.93). Iodinated contrast mean image quality was 70.1%±30.5% (95% CI 0.52 to 0.88), and lastly carbon dioxide imaging was 10.0%±10.4% (95% CI 0.0 to 0.26). The means were significantly different at p<0.001 (Figure 2 ). Tukey's multiple comparisons test showed each flush medium was significantly better in clearance quality than carbon dioxide.
Plaque morphology characterization using OCT imaging of the SFA revealed predominantly fibrotic lesion composition comprising 61% of all quadrants examined. Calcium and lipid-laden plaque were shown to be less common, representing 6.0% and 7.3% of quadrants examined, respectively (Table 2 ). These findings were consistent across all 3 flush media when compared with one another. All SFA lesions imaged were classified as TransAtlantic Inter-Society Consensus IIa or IIb for the femoropopliteal area, with most patients having proximal or tibial disease requiring intervention.
Image Quality
Linear regression analysis of mean vessel diameter and image quality revealed a downward trend in image quality with increasing vessel diameter, though this relationship was not significant (Figure 3 ). There were 3 principle types of artifacts that interfered with quality image capture in this cohort of patients. The first and most common was poor blood clearance ( Figure 4A ). The next was fold-over artifact ( Figure 4B ) caused by the OCT catheter being eccentrically positioned in a lumen that exceeded the 5-mm maximum imaging radius. Finally, a new artifact specific to the use of carbon dioxide as a flush medium was seen in this study. Termed "surface-tension artifact," it results from incomplete clearing of blood, which led to an air-fluid interface between the OCT catheter and vessel wall that manifested in significant image distortion as gaseous carbon dioxide bubbled through the ROI ( Figure 4C ).
Discussion
Optical coherence tomography is an emerging imaging technology that generates intravascular images using a catheter-mounted fiberoptic cable. Similar to IVUS, crosssectional images are generated by detecting the intensity of backscattering or back reflection of a signal generated with infrared light rather than with sound. This is accomplished via splitting of the signal in 2 arms: a reference arm in which light travels a fixed distance and returns to the interferometer at a fixed wavelength and a sample arm in which light returns at varying wavelengths depending on the underlying architecture of the vessel being imaged. The interaction of these signals is interpreted by the interferometer to generate high-resolution (10-15 μm) axial images that are preserved for precise interpretation. 1, 12 This technology has been used extensively to date in coronary arteries to augment conventional cardiac angiography and has many important applications including aiding in identifying thin fibrous plaques at high risk for rupture. 13, 14 Additionally, stent strut malapposition has been associated with late coronary stent rethrombosis, 15 and OCT has been shown to detect this finding with higher sensitivity than IVUS (94.6% vs 42.2% patients examined, respectively). 16 Intramural pathology, such as dissection after stent deployment, is also readily identifiable. 2 There has been very little research to date in using OCT in the peripheral arteries despite significant crossover in the utility of many endovascular devices and imaging techniques between coronary and lower extremity interventions. There have been 2 published case series examining the safety and efficacy of OCT imaging in SFA lesions. Karnabatidis et al 17 characterized plaque morphology and assessed postinterventional pathology in 20 patients, with a 93.9% rate of cross-sectional quality. Paraskevopoulos et al 18 examined 12 patients undergoing below-knee drugeluting popliteal stenting; they characterized increased neointimal pathology in lesions imaged after 1-year follow-up compared with those imaged sooner. Together these studies report a catheter failure rate of 10% with no adverse patient outcomes as a result of OCT catheter deployment. Neither investigation assessed technique nor differences in image quality based on flush media as both studies used a dextran-saline mix delivered via an automated injector system.
The search for alternatives to contrast is necessary since CIN has been observed after multiple imaging runs, 19 and with the typically longer lesions found in the lower limb, this becomes an important limitation of SFA OCT. The utilization of carbon dioxide as a flush medium in conjunction with OCT image acquisition has never been examined, though this gas has been used extensively in conventional peripheral angiography since 1982 as an alternative imaging technique in patients at risk for CIN. 20 It is contraindicated in supradiaphragmatic application because of the risk of carbon dioxide cerebral embolization and thus has been unavailable as an option in coronary OCT. Our results indicate carbon dioxide is inadequate for OCT. The carbon dioxide did not completely flush the lumen of larger SFA segments, leaving a low signal intensity region at the gas/liquid interface. In carbon dioxide digital subtraction angiography, it has been reported that small "packets" of gas form, which does not occur with liquid contrast media. This phenomenon creates a "pseudostenosis" on OCT imaging pullbacks, complicating interpretation and obscuring large segments of the arterial wall. These findings highlight a limitation of carbon dioxide angiography in general. Despite the promise of avoiding CIN, carbon dioxide as a flush medium for OCT imaging appears inadequate.
Previous studies have been undertaken to demonstrate the utility of saline, dextran, and iodinated contrast individually in OCT image acquisition in animal models as well as in the coronary arteries. 7, 8, 21 This study directly compares the quality of image capture of these different flush media in the peripheral vessels. Our 87% quality image proportion with dextran is similar to the wholelumen image capture values that had been previously published. 17 The use of either heparinized saline or dextran in place of iodinated contrast can be justified, as both demonstrate a qualitative and semiquantitative superiority in image quality. Additionally, saline or dextran can be used to reliably describe intramural morphology/pathology, which helps establish OCT as a viable lower extremity high-resolution imaging modality, particularly for patients at high risk for CIN.
Our results further demonstrate the safety and feasibility of the use of OCT in the lower extremity without any recorded complication in the 23 patients examined. The catheter failures were attributed to the fragility of the fiberoptic components and the necessity of advancing this catheter across tortuous vessels and tight lesions. There were no adverse patient-related outcomes as a result of injection of the flush media or insertion of the OCT catheter.
Limitations
This is a single-center case series that was powered to detect only large differences in image quality. Subtle differences between the 3 liquid media may not have been recognized despite analysis of >10,000 individual frames. Additionally, the necessity of using a hand-injected nonocclusive technique for image acquisition introduces an element of variability to the data since it was infeasible to use a power injector to deliver 4 different media and exchange reservoirs 3 times during a case. There also seems to be some degree of image degradation in arteries >4 mm with the current technology, which limits the ability to draw conclusions regarding flush media-related image quality in larger cross sections.
Despite these limitations, we believe that OCT is promising for further investigation in peripheral arteries. Examination of high-resolution cross-sectional images will allow characterization of the intimal consequences of intervention. Tomoi et al 22 examined 5 patients at 6 and 12 months after implantation of a paclitaxel-eluting stent in the SFA; they found delayed vascular healing and persistent inflammation even at 1 year, though restenosis developed in only 1 patient. There have been limited reports of dissection and stent tissue prolapse in the SFA following endovascular therapy, but no data regarding the association of these findings with clinical outcomes.
In contrast to IVUS, OCT has been shown to detect vascular calcifications in the coronary vasculature with 96% sensitivity and 97% specificity. 23 Using previously developed calcium scoring systems for peripheral artery disease based on angiography, 24, 25 it will be important to demonstrate similar sensitivity for calcification in the periphery using OCT compared with conventional angiograms and IVUS, with histologic cross sections used as a gold standard. The ability to delineate superficial calcifications so effectively has real implications in the use of OCT to support interventional therapy in the often heavily calcified vessels of the lower extremity. The higher resolution that OCT offers may also allow development of a more regimented axial calcium scoring system based on quadrant and severity that may guide both endovascular intervention or target selection for distal artery bypass. Finally, plaque characterization may allow different endovascular therapies (ie, stent vs plaque debulking) to be applied depending on the morphology of the lesion in the hopes of enhancing durability of the intervention.
Conclusion
In this case series, OCT was safe and feasible in the SFA. When using a nonocclusive, hand-injected flush technique, carbon dioxide does not provide adequate clearance for OCT imaging. Clearance via dextran or heparinized saline is promising and avoids the use of iodinated contrast. Axial imaging obtained with these media identifies plaque morphology and may aid in lower extremity endovascular intervention.
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